We provide experimental results to show that self-propulsion of Janus particles made by coating platinum on the hemisphere of dielectric particles in hydrogen peroxide solution is similar to selfelectrophoresis. By different surface treatments and measuring the motion of particles and their ζ-potentials, we find that the speed and direction of motion are determined by the ζ-potential in a given concentration of hydrogen peroxide solution. When sign of ζ-potential is changed from negative to positive, the direction of motion reverses from toward non-catalytic side to catalytic side. We also find that the angular distribution of Janus particle is more polarized with increasing of the concentration of hydrogen peroxide, which support the self-electrophoresis mechanism.
We provide experimental results to show that self-propulsion of Janus particles made by coating platinum on the hemisphere of dielectric particles in hydrogen peroxide solution is similar to selfelectrophoresis. By different surface treatments and measuring the motion of particles and their ζ-potentials, we find that the speed and direction of motion are determined by the ζ-potential in a given concentration of hydrogen peroxide solution. When sign of ζ-potential is changed from negative to positive, the direction of motion reverses from toward non-catalytic side to catalytic side. We also find that the angular distribution of Janus particle is more polarized with increasing of the concentration of hydrogen peroxide, which support the self-electrophoresis mechanism.
Macro-scale engines can be easily achieved by charging chemical fuels which are converted into kinetic energy. However, to design micro-scale engines, it is important to know how to distribute energy in micro-scale systems, how to design mechanism and how to control the motion with predicted functions. For coupling energy dissipation and motion, phoretic transports are widely used to move, and even control particles in micro-scale systems by applying external fields such as concentration gradient, electric field or thermal gradient [1] [2] [3] . Phoretic mechanisms are recently used to design self-propelling objects by arising self-generated non-equilibrium conditions [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , that is colloids which can create asymmetric forces or asymmetric surrounding condition would enable active motion.
For utilizing chemical reaction and phoretic mechanism for self-propulsion of colloids, self-diffusiophoresis has been proposed, where chemical reaction occurring on a particle can generate a local concentration gradient and the particle can move along the self-generated gradient [5, [7] [8] [9] [10] [11] [12] [14] [15] . In experiments, several groups observed that a metal-dielectric Janus particle made by coating platinum on its hemisphere in hydrogen peroxide solution converts chemical energy to kinetic energy and causes self-propulsion [6] . However, the direction of this kind of self-propulsion can both toward the noncoated (non-catalytic) side or coated (catalytic) side [7, 8] , which rises discussion about the mechanism of the motion [9] [10] [11] [12] [13] [14] [15] . Regarding the mechanism, besides selfdiffusiophoresis, bubble propulsion model [13] and selfelectrophoresis [14, 15] are also proposed. In the bubble propulsion model, bubbles occur and leave on the Pt surface and a particle would move toward the noncoating side due to conservation of momentum. In the self-electrophoresis, current generated due to uneven surface chemical reactions, which similar in the bi-metal swimmers, are proposed. However, due to lacking of direct measurements of local physical parameters involved in proposed mechanisms, the mechanism is still not well understood.
In this study, we experimentally modify and measure the surfaces of Pt-silica Janus particles to find the relation between their motion and their surface charges. We find the moving direction, whether move to the coated side or noncoated side, indeed dependent on the ζ-potential of the particle, which can be regulated by both of chemical modification and surfactant adsorption. Simple schematic figures of self-propulsion of Janus particle with original negative ζ-potential and positive ζ-potential obtained by chemical modification of aminosilane-APTES are shown in Fig.1.(a)(b) . In our experiments, a Janus particle with a negative ζ-potential moves toward the non-coating side and a Janus particle with a positive ζ-potential moves toward the coating side. To prepare Janus particles, a monolayer of 2 µm silica particles is prepared by a drying process. Thin layer of platinum is deposited by DC sputter coating to create ∼30 nm thick coating on the half side of each particles. The coating of a particle can be visualized under an optical microscope as shown in Fig.1 ,and therefore the direction of motion can be directly measured. The dark side of a particle has Pt coating, which does not transmit light and thus darker than the other side (silica) [7] . A thin chamber containing a solution and particles is sandwiched by two cover glasses with a ∼100 µm spacer. Images of particles during self-propulsion are collected through an objective (40X NA 0.55 ) by a camera at 20 frames per second. The positions of a particle in different frames are determined by images through an particle tracing program. For the experimental study of adsorption on particle surface, all surfactants were purchased from Tokyo Chemical Industrial Japan. The H 2 O 2 solution was diluted to certain concentration mixed homogeneously with Janus particles and ions or surfactants. We operated the surfactants in H 2 O 2 solution in the unit of CMC (critical micelle concentration). The critical micelle concentration is 0.662 % (w/w) to DDAB, 1.34 % (w/w) to STAC, 0.07 % (w/w) to TWEEN 20, 0.23 % (w/w) to SDS [16] [17] [18] [19] .
The ζ-potential is not directly measurable but can be calculated by experimentally-determined electrophoretic mobility [20] .
Commercial ζ-potential measuring instrument Malvern Zetasizer Nano basing on M3-PALS (Phase analysis Light Scattering) is dedicated to the measurement of ζ-potential , which measures the mean mobilities by using microelecrophresis in capillary cell. To measure the individual electric charge of single particle, we built a simple device which two ITO glasses sandwiching solution of colloidal particles. As a DC electric field is vertically applied by ITO glasses, the particles move vertically, and this motion can be detected by setting CMOS camera to observe the the change of diffraction ring. By converting the change rate of diffraction ring to drift velocity, we can obtain the real charge of individual Janus particle. We measured the velocities of particles in different concentrations of hydrogen peroxide solutions to characterize the general features of the motion. The velocity of the direct motion is analyzed by two parameters fitting method within the rotational diffusion time scale (∼20 s) for 2µm particles. The mean square displacement is given as ∆L 2 = 4D∆t + V 2 ∆t 2 while ∆t is much smaller than rotational diffusion time scale. The diffusion coefficient D and self-propelled velocity V can be obtained by this method [6] . We observed that particles move faster in the higher concentration conditions and the direction of motion follows the polarity of the Janus particle, toward the noncoated side (See movie-1 in Supplementary Information(SI)). Similar results have been shown in the previous studies [7] .
We suspect that the self-propelling motion of Pt-coated Janus particles in H 2 O 2 is strongly related to the surface charge. The self-propelling motion of Janus particles coated by aminosilane-APTES goes reverse in H 2 O 2 solution. Since from the silane-coating we can only see qualitative result, to quantify the surface charge, we added different concentrations of surfactant to regulate the surface charge, and we introduce ζ-potential, which is a good surface charge indicator.
Since the adsorption of surfactants would provide a systematic method to control the surface properties, we measure the self-prpelling motions of Pt-silica Janus particles in anionic surfactant SDS, non-ionic surfactant TWEEN 20, and cationic surfactant DDAB. All results of measured velocities of particles in 0.75% hydrogen peroxide solutions containing different kinds surfactants are shown in Fig.2 . As added anionic surfactant, SDS concentration increases, the self-propelling velocity of Janus particles shows slight decrease. Similar result is also obtained in non-ionic surfactant, TWEEN 20, solution.
However, motion of particles shows dramatically changes in the cationic surfactant, DDAB, solution. In experiment we found that the reversal of self-propelling motion happened as DDAB concentration 10 −3 to 10 −2 CMC. Moreover, Janus particles move faster in H 2 O 2 solution with DDAB concentration 0.005 CMC and 0.01 CMC than in the solution without adding any surfactant. In the case of DDAB concentration 0.005 CMC, it shows that the self-propelling motion of Janus particles can be more than two times faster than motion without adding surfactants. The effect of added SDS has been investigated in previous studies [21] , and the decrease of velocity has been attributed to the effect of surface tension changing. However, the hypothesis of surface tension cannot explain the phenomenon which small amount of DDAB in the solution causes the direction of self-propulsion to reverse.
Since the change of surface tension cannot contribute to the reverse of self-propelling motion, our result shows that the effect of added cationic surfactant more likely comes from the modification of particle surface [22] instead of surface tension change. To conform the effect of cationic surfactants, we also measured motion of particles in another cationic surfactant, STAC, and obtained similar reversal behavior. From our results, both directly surface modification with positive charge silane or adding cationic surfactants lead the reversal of the direction of motion. The modification by silane can give the qualitative result, however, to obtain the quantitative evidence, we observed the effect of verifying the surface charge conditions. By adding cationic surfactants, DDAB and STAC, we can observe the phenomenon of self-propulsion motion changing while adding different concentration of surfactant. We measured ζ-potential of Janus particles soaked in different concentrations of DDAB aqueous solution by both M3-PALS and self-built ITO-sandwiched device. Compare to the ζ-potential measured by self- built ITO-sandwiched device, it shows positively shifted ζ-potential by using M3-PALS measurement. The difference may come from that ζ-potential measured by the M3-PALS is primarily coming from surfactant micelles in the solution. In Fig.3 . is ζ-potential of the Janus particle measured by self-built ITO-sandwiched device in different concentrations of STAC. The phenomenon that velocity of electrophretic motions reversed shows significant correspondence to the result of self-propelling motion of Janus particles, which we suggested a self-electrophretic model to it.
The amount of surface charges is the main factor responding to the non-equilibrium condition created by Ptcatalyzed chemical reactions. Considering that the selfpropulsion of Pt-coated Janus particle may be caused by a phoretic transport phenomenon, the most possible mechanism should be self-electrophoresis, where the motion is oriented towards the electric field generated by itself. And most likely the non-equilibrium condition created by Pt-catalyzed chemical reactions results from local electric field generated by itself, which effect only bulk liquid fluid near the surface. In fact, the effect of surface properties in reversal of direction of self-propulsion due to self-phoretic motion has been demonstrated in selfthermophoresis [3] .
To visualize the flow field near particle surface associated with the motion of Janus particles, we stuck heavy Pt-coated Janus particles (8 µm) on the glass plate by drying out the Janus particles colloidal solution, then dropped H 2 O 2 solution with small silica particles (2 µm). The liquid flow can be visualized by and observing the motion of small silica particles as tracers in the solution. In Fig.4.(a)(b) it shows that the heavy Janus particle which sinks on the bottom of liquid causes water flow nearby. To estimate the flow rate near Pt/silica interface, we coated Pt on glass slide with the same parameter as we coated the Janus particles, then H 2 O 2 solution with silica particle tracers is laid on the glass slide. As the chemical reaction occurs, the silica particle tracers move from uncoated area toward the interface of Pt/glass. The velocity of tracers is calculated in different concentration as shown in Fig.4.(c) -(f) The more concentrated H 2 O 2 solution is, the faster those particle tracers move toward Pt-coated surface. This indicates that there exists a fluid flow relating to the reaction of H 2 O 2 . First, we discuss the possible mechanism about how chemical reaction can create a steady electric field. The decomposition of H 2 O 2 generating H 2 O and O 2 is a heterogeneous catalytic reaction which occurs on the Pt surface, electrons and protons are separated from molecules and recombine continuously [14, 23, 24] . Note that protons can freely diffuse into the solution while electrons must stay on the Pt surface. Since the reaction occurs on the Pt surface, for continuous reaction, the supply of protons would be limited by diffusion but not for electrons. The limit of proton supply by diffusion allows more electrons always on the surface and then creates electric field which attracts protons to the surface. Thus steady electric field would be generated by the chemical reaction. The self-generated electric field applies force to the bulk fluid which contains opposite sign of charge to the surface charge, it causes Janus particles move away the coated side as ζ<0 and toward the coated side as ζ>0. The velocity field around the particle v can be obtained by solving the Stokes equation For a lager particle, the flow field is the same as classical electro-osmosis treated by Smoluchowski. The relation between propulsive velocity U self −ep for a selfelectrophoresis and self-generated electric field E * can be shown as U self −ep = εε0 η ζE * ,where ε, ε 0 , η are relative permittivity of fluid, vacuum permittivity, and ζ-potential of the particle.
To probe the electric properties on the surface in the asymmetric geometry during catalytic chemical reactions, we build a simple device which is dedicated to apply DC electric field to the channel as shown in Fig.5(f) . The generated oxygen bubbles interference to electric field is avoided by opening the channel to the air. Assume excess electrons accumulate on Pt surface during the catalytic reactions, it will form an electric dipole which the dipole moment is subject to a torque when placing into an external electric field. So the dipole of Janus particle will be aligned toward the vector of external electric field. We observed the Janus particles in different concentrations of H 2 O 2 solution in the channel and took the angular distribution of 100 Janus particles as shown in Fig.5 . The higher concentration of H 2 O 2 solution is, the more the angular distribution centralizes. It leads to the conclusion that generated dipole moment is related to the catalytic reaction of H 2 O 2 .
We report the self-propulsion of Pt-coated dielectric Janus particles can move in the reversed direction. Our results suggest that the motion is related to self-electrophoresis. The particles may move due to the electric field generated by itself. We figure out the direction of motion should be determined by the ζ-potential of Janus particles and provide experimental measurements. Comparing with proposed mechanism of Pt-coated dielectric particles, we believe new measurement would lead new insights for this well known self-propulsion system. Although the detail processes on the chemical reaction are still not fully clear, results can be consist explained by a self-electrophoresis based mechanism. Self-electrophoresis mechanism is not yet be consider in dielectric based particles, our results may help people to reconsider self-generated electric field in conductive micro-and nano-active components.
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